Dirac cones at = 0 in acoustic crystals and zero refractive index acoustic materials Appl. Phys. Lett. 100, 071911 (2012) Physical model for the laser induced forward transfer process Appl. Phys. Lett. 100, 071603 (2012) Finite-difference time-domain simulation of light induced charge dynamics in silver nanoparticles J. Chem. Phys. 136, 054504 (2012) High energy transmission of Al2O3 doped with light transition metals J. Chem. Phys. 136, 044522 (2012) Effect of uni-axial strain on THz/far-infrared response of graphene Appl. Phys. Lett. 100, 041910 (2012) Additional information on J. Appl. Phys. Nanocomposite thin films formed by Ag nanocrystals embedded in an amorphous aluminum oxide ͑Al 2 O 3 ͒ host were prepared by alternating-target pulsed laser deposition. Spectroscopic ellipsometry was used to determine the effective refractive index ͑nϭnϩik). When the Ag volume fraction is over 2%, the linear optical properties of the nanocomposite films differ from those of the pure dielectric host. The extinction coefficient shows a maximum around 435 nm that is related to the surface plasmon resonance. Near this wavelength, the real part of the refractive index undergoes anomalous dispersion, leading to a significant increase of the n value of the composite compared to that of the matrix.
INTRODUCTION
For centuries, metal nanocrystals ͑NCs͒ have been embedded in dielectric transparent matrices to produce colored glassware. Their optical response arises from the excitation of surface plasmons in the metal NCs that induces a selective enhancement of absorption. The frequency of the surface plasmon resonance ͑SPR͒ depends on the dielectric properties of the metal and the embedding medium, as well as on the size, size distribution, and shape of the NCs. The special optical properties of these nanocomposite systems are attractive for a wide range of technological applications, such as functional optical coatings ͑e.g., selective solar absorbers͒, 1, 2 broadband waveguide polarizers, 3 and ultrafast optical switches, the latter due to an enhanced third order nonlinear optical susceptibility ͓ (3) ͔ with time response of a few picoseconds.
For all applications, knowledge of the linear optical properties ͑nϭnϩik͒ is necessary to design suitable devices. Nevertheless, the real part of the refractive index ͑n͒ has rarely been studied, as attention is usually directed to the characteristic SPR feature in the extinction coefficient ͑k͒ spectrum. [7] [8] [9] The knowledge of n, however, is essential to obtain the required index-matching in waveguide devices. Moreover, all nonlinear optical characterization techniques, such as Z-scan or four-wave mixing, depend on knowing the n value of the composite to determine the nonlinear refractive index. [10] [11] [12] In the literature, it is most common to use the refractive index of the matrix with no NCs. 12 This approach is not accurate since the real part of the effective linear refractive index of the nanocomposite around the SPR suffers a great modification compared to that of the matrix. In addition, special care has to be taken if studies as a function of the wavelength are performed, since the spectral response is also affected by the presence of the NCs.
The aim of this work is to determine by spectroscopic ellipsometry ͑SE͒ the effective linear refractive index, both the real and imaginary parts ͑nϭnϩik͒, of the nanocomposite system formed by Ag NCs embedded in an amorphous aluminum oxide ͑Al 2 O 3 ͒ matrix as a function of Ag metal content. SE has unquestionable advantages when compared to standard transmission measurements, because both real and imaginary parts of the refractive index of a homogeneous material can be directly obtained in a single measurement operation on a wavelength-by-wavelength basis. In addition it will be shown that SE measurements together with the standard Bruggeman effective medium model yield the volume fraction of metal in the films.
EXPERIMENT
Ag:Al 2 O 3 thin films were prepared by alternating-target pulsed laser deposition ͑PLD͒ using an ArF excimer laser (ϭ20 ns full width at half maximum ͑FWHM͒, ϭ193 nm, 10 Hz repetition rate͒ focused at 45°angle of incidence on high-purity Al 2 O 3 and Ag targets. The targets were placed into a computer-controlled holder for sequential ablation. The laser fluence on the targets was 2 J/cm 2 . The films were grown at room temperature on chemically cleaned Si substrates 32 mm away on the normal to the target. The vacuum chamber base pressure during deposition was 7ϫ10 Ϫ7 Torr. He ϩ beam and the experimental spectra were simulated using the RUMP program. 13 The average dimensions of the Ag aggregates were determined by small angle x-ray scattering ͑GISAXS͒. The energy was set to 8049 eV, corresponding to a wavelength of 0.154 nm. The distance between the sample and the detector was 650 nm and the angle of incidence was slightly higher that the critical angle of the films ͑Ϸ0.22°͒ in order to penetrate into the layer. 14 The crystalline structure of the Ag aggregates was observed by transmission electron microscopy, thus confirming that they are NCs, as was found in earlier work on the synthesis of Cu and Bi NCs by PLD. 5, 15, 16 The ellipsometric parameters tan and cos ␦ were measured by a SOPRA spectroscopic rotating polarizer ellipsometer in the 300-700 nm wavelength range using steps of 5 nm, at an angle of incidence of ͑70.07Ϯ0.05͒°. The standard deviations of ten measured tan and cos ␦ values at the same wavelength for each sample were typically lower than 5 ϫ10 Ϫ4 and 10 Ϫ3 , respectively. The optical properties of heterogeneous or composite systems have been successfully modeled in the past by effective medium theories ͑EMT͒, typically those of MaxwellGarnet and Bruggeman. [17] [18] [19] In nanocomposite systems, distortions in the microscopic electric field and polarization due to the mixture of different materials give rise to local-field effects and dielectric functions that differ from the simple average over those of the constituents. In earlier studies, we have found that both EMT Maxwell-Garnet and Bruggeman models give similar results for composite films with a low volume fraction of metal NCs, but the Maxwell-Garnett approximation deviates from the experimental data for high volume fraction of metal. 5, 17 In the latter case, the Bruggeman approximation is more representative. 8, 18, 19 This model follows a self-consistent approach in which the effective medium acts itself as the host, following the expression:
where ⑀ eff , ⑀ m , and ⑀ d are the dielectric functions of the effective medium, the metal, and the dielectric, and f m and f d ϭ(1Ϫ f m ͒ are the volume fractions of the metal and dielectric, respectively. From this equation, the component volume fractions can be determined once the dielectric constants of the two components of the composite are known and the effective dielectric constant of the medium is measured. The Bruggeman EMT for three-dimensional isotropic systems combined with a standard regression method was used to simulate the measured ellipsometric parameters of the nanocomposite films. An air/͑Al 2 O 3 ϩAg͒/ substrate system is considered, the film thickness and metal volume fraction in the film being the fitting parameters. We have assumed the optical properties of crystalline bulk Si for the substrate and that of bulk Ag for the NCs. 20 For the amorphous aluminum oxide matrix, we have used our earlier results on amorphous Al 2 O 3 films grown by PLD. Table I includes the total Ag content in the films ͑areal density, ͓Ag͔͒ as measured by RBS. ͓Ag͔ increases with the number of laser pulses on the Ag target, consistent with our earlier results for Cu and Bi NCs. 5, 15, 16 The thickness of the films was extracted from the areal density of Al 2 O 3 determined by RBS, assuming the density of the amorphous aluminum oxide to be 8.7ϫ10 22 at/cm 3 . 17 The thickness of the films seems to be fairly constant within the experimental error. Assuming that the density of the Ag NCs is the same as that of bulk Ag, 20 the volume fraction of Ag was calculated from the areal density determined by RBS for both the Al 2 O 3 and the Ag; it varies from 0.28% to 3.81%. GISAXS measurements show that for films synthesized with ͓Ag͔Ͼ3.6 ϫ10 15 at/cm 2 , metal NCs are formed. The average diameter of the NCs ͑see Table I͒ increases monotonically from 1.0 to 5.9 nm with increasing ͓Ag͔. Fig. 1͑b͔͒ , where the measured cos ␦ for the latter films show a maximum which is not observed in the former ones. The film thickness and metal volume fraction has also been calculated from the results shown in Fig. 1 using: ͑i͒ an air/͑Al 2 O 3 ϩAg͒/ substrate system, ͑ii͒ the Bruggeman EMT ͑in order to obtain the optical properties of the films from those of its constituents͒, and ͑iii͒ a standard regression method ͑to fit the measured tan and cos ␦ values͒. 17 Figure  2 represents the best fits for the films having the lowest and the highest ͓Ag͔. Whereas the fit for the former is excellent, significant discrepancies appear for that of the latter. The fit specially fails in the 400-600 nm wavelength range, where the maximum and minimum are not in the same positions although the theoretical model gives the general trend of the behavior of the SE parameters. The values of the film thickness and Ag content determined from the best fit for each sample are also listed in Table I . The quality of the fits is given by the standard deviation ͑͒. As expected from the fits shown in Fig. 2 , the confidence in the fit is better the lower the Ag content in the films. The thickness of the films determined from the SE data are systematically lower than those determined from the RBS data. Regarding the Ag volume percent obtained from the analysis of the optical data ͑last column of Table I͒ , it is noticeable that the ellipsometric measurements do not seem to be very sensitive to the presence of Ag for the lowest ͓Ag͔ film. The best agreement for the Ag volume percent content is achieved for the films having the highest ͓Ag͔, although the fit is poorer. Figure 3 shows the real ͑n͒ and imaginary ͑k͒ parts of the refractive index obtained by numerical inversion from the data shown in Fig. 1 and assuming the film thickness estimated from the SE measurements ͑Table I͒. 21 The refractive index of a reference Al 2 O 3 film with no NCs is also shown in the figure for comparison. 17 The imaginary part of the refractive index of samples with ͓Ag͔р5.0ϫ10 15 at/cm 2 or Ag NCs with average diameter Ͻ2.0 nm is not drawn because they are beyond the resolution of the measurements ͑typi-cally lower than 0.01͒. It is clearly seen that the optical response of the films with low ͓Ag͔ is similar to that of the matrix, the only difference being a slightly higher real part of the refractive index. The small structure discontinuities observed in the spectra for values around 360 nm are due to inconsistencies/limitations in the measurement when ␦ approaches to 0°or 180°͑cos ␦ϭϮ1͒.
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RESULTS
Samples with ͓Ag͔у20ϫ10 15 at/cm 2 and Ag NCs with an average diameter Ͼ3.9 nm, show new interesting features. The imaginary part ͑k͒ is not negligible and presents a broadband centered around 435 nm related to the SPR absorption. 8 The extinction coefficient peak for the two high composition films studied is at the same spectral position within experimental resolution ͑Ϯ5 nm͒. In addition, there is an increase in the SPR FWHM from 110 to 220 nm ͑or from 0.71 to 1.42 eV, respectively͒ as the ͓Ag͔ increases from 20ϫ10 15 at/cm 2 to 31ϫ10 15 at/cm 2 . The real part of the refractive index ͑n͒ also shows a quite different behavior than that of pure Al 2 O 3 films, since n undergoes a sharp increase at the wavelengths at which the SPR band occurs. Besides, the n value for longer wavelengths is significantly higher than that of the reference Al 2 O 3 film. 15 at/cm 2 . We will thus discuss separately the results obtained for films having ͓Ag͔ below and above this interval that will be referred from now on as low and high Ag content films.
The spectral dependence of the real part of the refractive index for low Ag content films is very similar ͑Fig. 3͒, the only significant difference being an overall increase of n as the Ag content is increased. Since this behavior is very similar to the one observed when the optical density of the films changes, we have tried to fit the ellipsometric parameters by assuming the films are formed by a mixture of Al 2 O 3 and voids, leading to an air/͑Al 2 O 3Ϯ voids͒/substrate system. The fits obtained are in very good agreement with the data shown in Fig. 1 for the low Ag content films ͓͑Ag͔р5ϫ10 15 at/ cm 2 ͒. The results show that the films having ͓Ag͔ϭ2.5, 3.6, and 5.0ϫ10 15 at/cm 2 , respectively, behave as if they were, respectively, 2.0%, 3.2%, and 5.6% denser than the reference Al 2 O 3 film and had practically the same SE thickness as those reported in Table I . This result suggests that the presence of low volume fractions of Ag in the films is optically equivalent to a film with an increased effective density. In other words, a small Ag content ͓͑Ag͔р5ϫ10 15 at/cm 2 ͒ or Ag NCs with average diameters р2.0 nm lead to a slight increase of the real part of the refractive index while the absorption is kept below resolution.
The system model ͓air/͑Al 2 O 3Ϯ void͒/substrate͔ does not predict the special features observed in both the real and imaginary parts of the refractive index of the films with high Ag content ͓͑Ag͔у20ϫ10 15 at/cm 2 ͒. The observed maxima of the extinction coefficient shown in Fig. 3͑b͒ for these films can be qualitatively understood within the exact treatment of the Mie theory for the scattering produced by a conducting sphere in the electric dipole approximation. 9 In the present case ͑Ag NCs in an Al 2 O 3 host͒, the Mie theory predicts that the peak position of the SPR occurs around 440 nm, which is in very good agreement with the wavelength for which the maximum of k is observed experimentally ͓Fig. 3͑b͔͒.
The observed anomalous dispersion shown in Fig. 3͑a͒ for the real part of the refractive index of the high Ag content films with respect to the refractive index of the pure dielectric host, has scarcely been reported or discussed in the literature. Nevertheless, the experimentally obtained wavelength dependence is consistent with the Kramers-Kronig relations in the sense that the real part of the refractive index is expected to undergo an anomalous dispersion where the extinction coefficient shows a maximum. 8, 9, 22 Experimentally, a decrease of n for wavelengths shorter than that of the SPR followed by a large increase for longer wavelengths ͑up to a 13% for the studied films͒ are observed. As it was pointed out in the introduction, one of the effects of the variation of the linear optical properties of the composite is its influence on the calculation of the third order susceptibility of the material from nonlinear optical measurements. In the case of Z-scan measurements, the estimation of (3) using the refractive index of the pure matrix would lead to a value 27% lower than that obtained with the actual refractive index of the composite having the highest Ag content and thus the largest change in n. Furthermore, when the spectral dependence of (3) is studied, the spectral variations of the n value, that are not normally taken into account, become essential.
The results shown in Fig. 4 show clearly that the Bruggeman EMT does not offer a completely satisfactory explanation of the evolution of the extinction coefficient as a function of ͓Ag͔ for the high Ag content films. The SPR maxima obtained from the SE measurements show no significant change in position as ͓Ag͔ increases, as opposed to the data obtained from the simulation that exhibited a clear redshift. In addition, the broadening observed in the FWHM of the SPR band, is higher in the case of the SE data than in the simulated curves. These discrepancies suggest that there must be other factors that have a significant influence on the optical behavior of a nanocomposite besides metal fraction, size effects, and interactions between the NCs and the matrix being the most considered ones.
6,8,9,18,23 Experimentally, the peak position and the FWHM of the SPR has been widely studied for metal NCs embedded in dielectric matrices, 7, 8, 9, 24 and different behaviors have been reported depending on the NC size and the nature of the matrix. It has been shown that for very small NCs ͑diameter Ͻ5 -10 nm, depending on the embedding media͒ the peak energy of the SPR does not change, but the width decreases with increasing size, 9 whereas a redshift accompanied by broadening of the SPR has been observed for larger sizes. 7, 9, 24 Our films contain Ag NCs that belong to the category of ''small size'' ͑diameter Ͻ5.9 nm͒, and thus the constant peak energy observed is consistent with the expected value for these small NCs. Nevertheless, we observed a broadening instead of the predicted sharpening of the SPR. The reasons for this discrepancy are twofold. On one hand, we have reported earlier that an increase of the size of the NCs produced by PLD is associated with a broadening in the size distribution 5, 15, 16 that can contribute to the broadening of the SPR band. On the other hand, the SPR widths have been reported to be very large, but without any clear correlation to the cluster size in systems having a matrix with high ionicity. 8, 9 The high ionicity of our matrix, Al 2 O 3 , can thus contribute to the observed broadening.
Finally, it is remarkable that the Ag volume content can be reasonably predicted in our case with the Bruggeman EMT using the air/͑Al 2 O 3 ϩAg͒/substrate system model for the high Ag content films, in spite of the poor fit obtained ͑Figs. 2 and 4͒. The reasons why such a satisfactory estimation of the metal content is achieved might be related to the fact that the SE parameters of the high Ag content films in the region away from the SPR wavelength, are not significantly different from those of the low Ag content films ͑see Fig. 1 for wavelengths shorter than 350 nm or longer than 500 nm͒. This indicates that the behavior of the NCs can be well described by the dielectric constants of bulk Ag for the low and high wavelength regions in respect to the SPR. In other words, the effective medium theories can be used as a reasonable approximation to the behavior of the optical properties of the nanocomposite away from the resonance.
CONCLUSIONS
Spectroscopic ellipsometry has been used to determine by direct numerical inversion the optical constants, both n and k values, of nanocomposite films formed by Ag metal NCs embedded in a dielectric Al 2 O 3 host. The behavior of the refractive index of the material compared to that of the pure dielectric host shows a great change for films with ͓Ag͔ у20ϫ10 15 at/cm 2 that have NCs with an average diameter у3.9 nm. This change is related to the appearance of both a maximum in the extinction coefficient of the nanocomposite ͑SPR͒ and an anomalous dispersion in the real part of the refractive index. The inclusion of NCs leads to a significant variation ͑up to a 13% for the studied films͒ of the real part of the refractive index in respect to that of the pure dielectric host. Finally, it is shown that the Bruggeman EMT can be used to estimate the metal fraction in the films with ͓Ag͔ у20ϫ10 15 at/cm 2 ͑or у2.2% in volume͒ but it fails to describe the spectral features in the neighborhood of the SPR.
